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We discuss recent experimental evidence of decoherence in a laboratory mesoscopic 
system in a cavity, from which we draw analogies with the decoherence that we 
argue is induced by microscopic quantum-gravity fluctuations in the space-time 
background. We emphasize the parallel ròles played in both cases by dissipation 
through non-trivial vacuum fluctuations that trigger the collapse of an initially 
coherent quantum state. We review a phenomenological parametrization of possi- 
ble effects of this kind in the neutral kaon system, where they would induce CPT 
violation, and describe some epxerimental tests. 



1 Introduction and Summary 

There is currently much debaté whether microscopic black holes induce quan^ 
tum decoherence at a microscopic level. In particular, it has been suggestedu 
that Planck-scale black holes and other topological fluctuations in the space- 
time background cause a breakdown of the conventional «S'-matrix description 

a Contribution to the Symposium on Flavor- Changing Neutral Currents: Present and Future 
Studies, UCLA, Los Angeles, U.S.A., February 1997. 
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of asymptotic particlc scattcring in local quantum field theory, which should 
be replaced by a non-factorizable superscattering operator $ relating initial- 
and final-state density matrices: 

Pout — $Pin (1) 

It has further been pointed out that, if this suggestion is correct, there must 
be a modification of the usual quantum-mechanical time evolution of the wave 
funcíion, taking the form of a modified Liouville equation for the density ma- 
trixB: 

d t p=~\p,H]+$Hp (2) 

The extra term in (^|) is of the form sfjaerally encountered in the description of 
an opcn quantum-mechanical systemH'H, in which observable degrees of freedom 
are coupled to unobservable components which are effectively integrated over, 
which may evolve from a pure state to a mixed state with a corresponding 
increase in entropy. Any such evolution entails a violation of CPT, though in 
a different form from that sometimes proposed in the context of conventional 
space-time quantum mechanicsÈI Pi 



The necessity of a mixed-state description is generally accepted in the pres- 
ence of a macroscopic black hole, but is far from being universally accepted 
in the case of microscopic virtual black-hole fluctuations. In a research pro- 
gramme to elucidate this question, we have been analyzing the possibility of 
quantum decoherence in a non-critical formulation of string theory 13, and in- 
dccd found an extra term in the quantum Liouville equation of the form con- 
jectured in (|^). In the absence of a satisfactory treatment of quantum gravity, 
the results of our work can only be regarded as indicative. However, we think 
that they constitutc intpresting circumstantial evidence in favour of the picturc 
advanced previouslylïlBQ, namely that microscopic quantum fluctuations in the 
space-time background may induce a loss of quantum coherence in apparcntly 
isolated systems. Moreover, the magnitude of $H ~ O(j^), with E a typical 
low-energy scale, that we find is consistent with previous string estimates, and 



pnd the reach of particle physics 
I, that are sensitive to this form of 



may not lie many orders of magnitude- 
experiments in the neutral kaon systemEr 
decoherence and the related CPT violation []. 

kProposals for violations of CPT within the quantum-mechanMial context of pure states have 
also-been made recently in the context of critical string theorycl . In particular, the authors of 
rcf.CJ have proposed certain perturbative backgrounds of critical strings that violate Lorentz 
invariance and hence CPT. nn 

c We stress that the approach adyocated in ref. uu is different from the model for quantum 
mcasurement proposed in ref. lül, which involves a reduction of the wavefunction by occa- 
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In this talk we review briefly the formalism we propose, as well as thc present 
experimental limits on this form of CPT molation. Before doing so, however, 
we first review recent experimental resultsla confirming the ròle of the environ- 
ment in inducing decoherence in mesoscopic systems, which confirm theoretical 
expectations for the ròla.of the environment in the transition from the quan- 
tum to classical worldsu, and bear close analogy with the quantum-gravity 
phenomena that we advocate. 

2 Schròdinger's Cat in the Laboratory 

We start by reviewing the experimental situation concerning the nreparation 
of 'Schròdinger's cats' in the laboratory, basing our discussion onta. To un- 
derstand the physics behind the construction, we find it instructive to define 
exactly what these 'beasts' are, and how they can be constructed experimen- 
tally. There is a huge literature in Quantum Òptics on this, which originated 
from special studies of the behaviour of àtoms in electromagnètic cavitiesta. 
Schròdinger's cat is prepared by letting an atom, which may be in a quantum 
superposition of two states e,g, pass through a cavity containing (quantized) 
electromagnètic radiation. The coupling of the atom to cohepent cavity modes 
of radiation has been tested experimentally in recent years ta. This coupling 
manifests itself through thepSQ-called 'vacuum Rabi splitting', i.e., a splitting 
of the spontaneous emissionEa or absorptiontÍJ spectra of àtoms inside cavities 
containing coherent electromagnètic radiation, as a result of the interaction of 
the atom with coherent cavity modes. 

It is instructive to review a quantum-mechanical derivation of the Rabi- 
splittixLg phenomenon. We concentrate on the case of the absorption spec- 
trumta, which is technically simpler, and also more relevant for the experi- 
mental situation of ref. Ea. Consider the case of a system of N two-level àtoms 
with frequeney lüq interacting with a single-modc radiation field of frequeney 
lü. The relevant quantum-mechanical Hamiltonian is: 

H = huoY^ #f + h ^a + ^2(h\S+a + H.C.) (3) 

i i 

where (V , a are the creation and annihilation operators for the cavity radiation- 
field modes, S^Sf 1 are the usual spin-i operators, and A is the atom-field cou- 
pling. The atom-field system is not an isolated system, and there is dissipation 

sional 'hits' introduced ad hoc. We prefer the motivation for gravity-induceoWiecoherence, 
which may be mathematically controlled in the context of non-critical stringsQ. 
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due to the interaction of the system with the surrounding world. One impor- 
tant source of dissipation is the leakage of photons from the cavity at some 
rate k. If the rate of dissipation is not too big, a quantum coherent state can 
still be formed, which would allow the observation of the vacuum-field Rabi os- 
cillations. The density matrix p of the atorn^ield system obeys a Markov-type 
master equation for the evolution in time tíB: 

dtp = —~[H, p] — nía'ap — 2apa { + pa'a) (4) 
n 

This is exactly the form of equation proposedO as an appropriate description 
of decoherence effects in quantum gravity. 

The limit n << \y/N in (^) guarantees the possibility that a coherent quan- 
tum state may be formed, i.e., this limit describes environmcnts that are weakly 
coupled to the system, whose decoherence times (see below) are therefore very 
long. In this limit, one can concentrate on the off-diagonal clements of the 
dcnsitsi-matrix, and make the following 'secular' approximation for their evo- 
lution 

dtPij = j·· K, - E J )p lJ - TijPij (5) 

where Tij denotes the damping factor, related to the weak cqupling of the 
atom-field system to the environment. The analysis of ref. pertained to 
the evaluation of the susceptibility tensor of the system, Xa/3, which can be 
calculated by considering its interaction with an external field of frequency fi. 
The absorption spectrum is proportional to Imx(í2), which has the form 



Imx(fi) = cos 2 



r_/7r 



T 2 _ + {il - Lü + A/2 - i(A 2 + 4NX 2 ) 1 / 2 } 



&m T 2 + + {ü - Lü + A/2 + i(A 2 + 4ATA 2 )V2}2 

with A = loq — lü. In the above expression, the factors T± represent the 
damping in the equation of motion for the off-diagonal element of the density 
matrix < \E f o|/o| 1 ï f ±' C " >, where the ^± are eigenfucntions of H, classified by 
the eigenvalu£s of the operators S 2 , and S z + a' a = C. In the A^-atom case 
under studyEj, S — N/2 and C = 1 — N/2. The expression (g) summarizes 
the effect of Rabi vacuum splitting in the absorption spectra of àtoms: there 
is a doublet structure of the absorption spectrum with peaks at: 

n = uj Q - A/2±i(A 2 +4NX 2 ) 1 / 2 (7) 
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For resonant cavities, the splitting occurs with equal weights 

n = üj ± \Vn (8) 



Notice here the enhancement in the effect 
quantity 2A is called the 'Rabi frequency' 



multiatom systems N » 1. The 



There have been simple experiments which have confirmed this effectQ, in- 
volving beams of Rydberg àtoms, resonantly coupled to superconducting caví, 
ties. The situation which is of interest for the decoherence experiments of ref.E3 
involves àtoms that are near resonance with the cavity. In this case, A << ujq 
but A 2 iV/|A| 2 << 1, so that (j?]) yields two peaks that are characterized by 
pure dispersive shifts oc ^: 



NX 2 

n~u J0 ±- nrr +O{A) 



IAI 



which is the case in the SC experiment of ref. 



(9) 



0. 



Another important issue, which has been used in ref. El, is the dephasing of 
the atom as a result of the atom-field Rabi entanglement described above. To 
understand better the situation, we discuss a more genèric case, that of a three- 
state atom, f,e,g, with energies E g > E e > Ef. Suppose one is interested in 
the transition / — > e by absorption, in the presence of àtoms in interaction 
with a cavity mode. Calling = \e >< f\-,D~j = |/ >< e| = (£ ) ( ^) t , we 
have the following effective Hamiltonian for the transition / — * /E3: 



H 



ef 
eff 



h ^effD+ f D ef 



X 2 n 



(10) 



where the effective dfrequency is due to the dispersive frequency shifts (||) of 
the Rabi effect, appropriate for near-resonant atom-cavity-field systems. Hcrc 
n is the number of cavity photons rl 



Consider now an experiment to measure, say, the photon number n in the 
cavity. The relevant probe P can be the above-described three-state atom, in 
a superposition of e and / states. In this picture, the photon number n is an 

d The s/ri sealing law for the Rabi splitting (^) is also vàlid in the casc of the interaction of 
a single atom n cavity oscillator quanta, e.g., in a cohherent cavity mode. 
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eigenvalue of the cavity signal operator a\a s , and the interaction Hamiltonian 
between atom and cavity then readsEZl: 

H z = -^a\a s Dt f D- f (11) 

The probe observable is the atòmic dipole operator: 

Ap = ^{D+ ef - D- f ) (12) 

whose Heisenberg evolution equation is 

iKj t A P = [A P ,H e J ff +H I ] (13) 

from which it is easily seen that in a time interval t the phase of the probe 
changes by an amount: 

X 2 n , . 

A<j> = u e ft+— -t (14) 

The case of interest for the experiment of ref. El is a two-state atom. The 
resulting phase .shift is obtained from ( |Ï4|) by setting u> e f = 0. Thus, in the ex- 
periment of ref .113, the phase entanglement due to the atom-field Rabi coupling 
is 

A^fl = (15) 
for a near-resonance atom-field system, with small detuning A. 

We are now well equipped in to review the experiment of ref. lïl in which a 
mesoscopic Schròdinger's cat was constructed, and the associated decoherence. 
The experiment involves sending a Rubidium atom, consisting of two circular 
Rydberg states e and g, through a microwave cavity storing a small coherent 
field \a >. The coherent cavity mode is mesoscopic in the sense that an average 
numbcr of photons is of order O(10). The atom-cavity coupling is measured by 
the Rabi frequency 2X/2n = 48kHz. The condition for Rabi dispersive shifts 
(0) is satisfied by having A/2ir in the range [70, 800}kHz. 



The atom is prepared in the superposition of e, g states, by means of a res- 
onant microwave cavity R\. Then it crosses the cavity C, which is coupled to 
a reservoir that dissipates its energy on a characteristic time scale T r << 1.5 
ms. A number of photons varying from to 10 is injected by a pulsed source 
into the cavity C. The field in the cavity relaxes to vacuum, dissipating via 
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leakage of photons through the cavity, during a time T r , before being regen- 
erated for the next atom. The experiment is at an effective temperature of 
T = Q.6K, which is low enough that thermal effects are small. After leaving 
C, the atom passes through a second cavity R2, identical to R±. One then 
measures the probability of finding the atom in the state g, say. The decoher- 
ence time is then measured for various photon numbers. This enables one to 
test the theoretical predictions that decoherence between two 'pointer states' 
of a quantum superposition occurs at a rate proportional to the square of the 
distance between the states. 

Let us understand this point better. The coherent oscillator states, charac- 
tcrizing the cavity modes, constitute a pointer basis: an oscillator in a coherent 
state is defined by the average number of oscillator quanta n: \a >: \a = \fn. 
Then, consider the measurement of the above-described experiment, according 
to which there is only a phase entanglement between the cavity and the atom. 
The combined atom-cavity (meter) system is originally in the state 

I* >= \e,ae!* > + |ff,e _i * > (16) 

where the dephasing depends on the atòmic level: <\> oc À 2 í/A, according to 
@) dH)- Coupling the oscillator to a reservoir that damps its energy in a 
characterisücJjimg scale T r produces decoherence, which according to the gen- 
eral theoryB'oEZlü occurs in a time scale inversely proportional to the square 
of the distance between the 'pointer' states D 2 : 

tdecoh = -jj2 (1?) 

In the set up of ref . El, the distance D is given by 

- \ 2 t 

D = 2Vnsm0 ~ 2n 3/2 — (18) 

for Rabi couplings 2A, such that X 2 tn << A. For mesoscopic systems, n ~ 10 
D > 1, and hence decoherence occurs over a much shorter time scale than T r . 
In particular, for A/2ir ~ 70kHz, the decoherence time is 0.24T r . 

This concludes our brief review of the construction of a Schròdinger's cat, 
and the associated 'measurement process'. Notice that the above construction 
is made in two stages: first it involves an interaction of the atom with the 
cavity field, which results in a coherent state of the combined 'atom + meter', 
and then dissipation is induced by coupling the cavity (measuring apparatus) 
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to the environment, which damps its energy, thereby inducing decoherence in 
the 'atom + mctcr' system. The important point to rcalize is that the more 
macroscopic the cavity mode is, i.e., the higher the number of oscillator quanta, 
the shorter the decoherei^fiJime is. This is exactly what was to be expected 
from the general theoryCrotJ'LJ. 

3 Quantum Gravity as an Environment, and the Induced Collapse 
of Wave Functions 

We now argue that a similar situation characterizes quantum-gravity vacuum 
fluctuations. There is a striking analogy between the cavity vacuum and the 
quantum-gravity one, with its virtual topological fluctuations in space time. 

The problem of the interaction of low-energy propagating matter with.-a. 
dissipative quantum=gravity environment consisting of virtual wormholcs 1121 
was studied in ref. È3, from a 'pheonmenological' view point. Coleman had 
argued that the wormhole state was likely to be a coherent state, and used this 
argument to support the the vanishing of the cosmological constant. However, 
the coherence assumption was questioned later, and in view of our subsequent 
studies of the nature of the space-time foam in quaantum gravity and/or string 
theory we expect this not to be the case. However, one can still model the 
interaction Hamiltonian between operators describing the low-energy probe 
Op and the wormhole state \a > asEÍ 

Ri oí P (a t +a) (19) 

where a\a are creation and anihilation operators for the wormhole state. In 
the example of ref.E3, Op was taken to be a four-fermion effective interaction 

Op cx oí-V^yvi^».^ (20) 

Tïlp 

A low-energy observer has to avcragc out the unobservable wormhole cffccla, 
with the result that the low-energy probe P becomes an open system. In ref.113, 
the simple case of a Gaussian distribution for the wormhole configurations was 
assumed, and the time scale of the induced decoherence of the low-energy 
probe P was estimated,jising the phenomenological equation for the density 
matrix suggested in ref.B, which was characterized by probability and energy 
conservation of the probe. In view of our discussion in the previous section, 
this coupling may be considered as a coupling with only phase damping for the 
atom. Thus, a sort of Rabi vacuum effect appears, but of course the nature of 
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the effect is not due to quantum electrodynamics, but due to quantum gravi- 
tational intreractions. The ròle of the cavity is-played by the whole universe, 
or rather by the microscopic space-time íoamlím. 

As shown in ref. EÜ, the enhancement of the effect for large ruimbers of 
àtoms, as seen above in our discussion of the simple Rabi vacuumlia (||) also 
characterizes the wormhole probe-P coupling. The decoherence of the off- 
diagonal elements of the density matrix p(x,x'), in a 'pointer' basis \x >, 
where x is the_center-of-mass location in space time of a system of N partides 
is of the formliS: 

p(X', X, t) ~ po(X', X, t)exp[~ND(X' - X) 2 t] (21) 

where D represents the coupling of a single particle with a single coherent mode 
of the wormhole state, and is estimated to be of order D ~ m 6 /Mp, in a four- 
dimensional space-time, for a particle of mass m, with Mp the Planck mass. In 
the estimate (|2l]) a uniform density of wormholes of the order of one per Planck 
volume in space time was assumed, and all other interactions of the microscopic 
partides among themselves have been ignored. From (^ï|) one can readily see 
the characteristic feature that the decoherence rate is propdorotional to the 
square of the distance betweep_the pointer states ([l7|), which is a genèric feature 
of Markov-type decoherence E3. 

The wormhole model assumed that on the average energy and probability 
are conserved. This was also the case in the atom-cavity entanglement case 
considered above, where there was only a phase entanglement/damping. Such 
entanglement is_çapable of producing decoherence by itself, as is clear from the 
analysis of ref. t3. 

Although the mesoscopic atom + cavity system considered in ref. @ is also 
exposed in such quantum-gravity vacuum effects, they are of course much, 
much weaker than the conventional Rabi coupling, and negligible in the ap- 
paratus of ref. E3. However, as was demontrated in ref. ta, in the case of 
macroscopic systems quantum-gravity effects could conceivably lead to ràpid 
collapse. Unfortunately, it is not possible at present to see such effects in such 
a cavity experiment. However, experiments to look for macroscopic quant um- 
gravitational decoherence may become possible in the future, especially in very 
cold environments, such a&SQUIDslEl or those in which Bose-Einstein conden- 
sation has been observedcd. From our point of view, the experiments of ref.Lj, 
although due to the conventional quantum field theory of Quantum Electrody- 
namics in a cavity, are nevertheless fascinating, in that they constitute the first 
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experimental evidence for thc cnvironmcntally-induced collapse of a coherent 
quantum superposition of states. 



4 Decoherence in a String Approach to Quantum Gravity 

We have argued in ref.B that in string quantum gravity there are inherently un- 
observable delocalized modes, carrying information, which fail to decouple from 
light states in the presence of singular space-time fluctuations. The effective 
theory of the light states which are measured by Ipcfíl scattering experiments 
can be described by a non-critical Liouville string caQ. The zero mode of the 
Liouville filed in such a string theory is identified in ref.Q with a target time 
variable. This results in an irreversible temporal evolution in target space, 
with decoherence and associated entropy production, as we now review. 



The effective low-energy theory density matrix is: 

p(local,t) — / d(delocal)p(local,delocal) (22) 



where p denotes the low-energy density matrix, and the delocal states play a 
role analogous to those of the unseen states \B >i inside the black-hole horizon 
in the arguments of ref. u. The integration over delocal in ( p2[ ) ensures that the 
reduced density matrix p is mixed in general, even if the full p(local, delocal) 
is pure. We-.have argued that p obeys a modified quantum Liouville equation 
of the formQ 

d t p = i[p,H]+$Hp : $H = -iZ iíj p i G ij [,g j ] (23) 

where H is the usual light-particle Hamiltonian, the indices label all 

possible microscopically-distinct string background states with coordinate pa- 
rameters g % , and Gij is a mètric in the space of such possible backgroundsEa. 
We argue that these are not conformally invariant once one integrates out the 
delocal degrees of freedom, and the j3 l are the corresponding renormalization 
functions. These are non-trivial to the extent that back reaction of the light 
partides on the background mètric cannot be neglected. Equations of_ 
form ( ^3| ) are quite genèric in the context of non-critical string theoriest 
We note further that the background fields g % must be quantized, as a result 
of the summation over world-sheet topologies in the Liouville stringQ. 



There are general properties of the Liouville system that follow from the 
renormalizability of the world-sheet er-model theory 0. These include energy 
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conservation on the average, and probability conservation. Specific._proper- 
ties of the renormalization group on the two-dimcnsional world-sheet Ej entail 
monotonia entropy increase, dtS oc f3 l Gij(3 3 > 0, leading to a microscopic ar- 
row of time. The modified quantum Liouville equation (|23|), can be cast in 
a form similar to that of the Markov-type evolution (Q) of an open quantum- 
mechanical system: 

dtp = i[ P) H] - J2{BÍB m , p}+ + 2 ]T B mP Bl (24) 

m m 

where the 'environment' operators B are appropriately-defined 'square roots' 
of the various partitions of the operator (3 l Gij . . . gi 0. 



The maximum magnitude of effect that we can imagine is 

$H ~ H 2 /M P (25) 

which would be around 10 _19 ...1CP 20 GeV for a typical low-energy probe, 
such as the neutral kaon system. A contribution to the evolution rate equation 
( p3| ) of this order of magnitude would arise if there were some Planck-scale 
interaction contributing an amplitude A ~ 1/Mp and hence a rate R ~ 1/Mp, 
to be multiplied by a deasity n ~ Lp ~ Afp, yielding the overall factor of 
~ 1/Mp shown in @ K Such an estimate was foundJxi a pilot study of a 
scalar field in a four-dimensional black-hole backgroundE^, and has also been 
found in a Liouville-string representation of Dirichlet membranesEZI. 



The associated entropy production is a signature of decoherence. Indeed, one 
can demonstrate in this approach exponential decay in time of the off-diagonal 
elements of the density matrix_in the string theory space \g l >. Moreover, the 
Markov equation (S) impliesEa a stochastic equation of Ito-Langevin type for 
the state vector |^ > corresponding to the density matrix p(g l , t) = Tr\^ >< 

*l, 

|d* >= -\h\$> >dt + J2(< Bl >* B m - X -B^ m B m - 

m 

i < B] n >*< B m >*)!* > dt + 

^2(B m - < B m > ç )|* > di m (26) 

m 

where the c?Ç m are complex differential random matrices associated with Brow- 
nian processes. The advantage of the latter 'state-vector' formalism is that it 
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allows a localization of the state vector in an appropriate-imeasurement' chan- 
nel, to be identified with a ground state of the pSiring cB, as a result of the 
'dispersion-entropy minimization' theorem of ref. E3. 

5 Decoherence and CPT Violation 

The non-unitary evolution characterising non-critical string theory manifests 
an arrow of time. Everyday experience telis us that an arrow of time is present 
macroscopically: our bit (at least) of the Universe is expanding, and we are 
all of us getting older. On the other hand, no such arrow of time is visible in 
our accepted fundamental laws of physics: Quantum Field Theory is invariant 
under CPT, and time t is just a coordinate in General Relativity - the motion 
of the Earth around its solar orbit could be reversed with no apparent problem. 
On the other hand, an arrow of time appears in thermodynamics via the second 
law, which states that entropy increases monotonically. The arguments of the 
previous sections raise again the possibility that this could have a microscopic 
origin. 

It has been pointed out in ref. ü that a microscopic arrow of time must 
appear if pure states evolve into mixed states as suggested above, in the sense 
that the strong form of the CPT theorem must be violated. Suppose there 
is some CPT symmetry transformation O which maps initial-state density 
matriccs into final-state density matrices: 

Pout = ®Pin (27) 

and correspondingly 

p'in = ®Pout (28) 

where 

Pout = $Pin, Pout = $Pin (29) 

It is easy to deduce from these equations that $> must have an inverse: 

$~ l = Q-^Q- 1 (30) 

which cannot be true if pure states evolve into mixed states, entropy increases 
monotonically and the density matrix collapses. 

Although there are many people in the quantum gravity community who 
suspect that some modification of quantum mechanics may be necessary so as 
to incorporate decoherence associated with black holes, there is disagreement 
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whcther this is necessarily accompanied by CPT violation. This division.jQf 
opinion is exemplified by the viewpoints of Hawking and Penrose in ref. Ej: 
Hawking is very reluctant to give up CPT, whereas Penrose accepts it as a 
likelihood. The formalism we have developed definitely points in the latter 
direction. 



An exolicit example where all the above issues are realized has been given 
in ref. È3, and will not be repeated here. Even if you do not follow all the 
arguments leading to the string version of the modified Liouville equation, the 
latter still provides an interesting phenomenological framework in which one 
can parametrize possible decoherence and CPT-violating effects with a view to 
the experimental tests in the neutral kaon system, which are reviewed in the 
next section. 



6 Testing Quantum Mechanics and CPT in the Neutral Kaon Sys- 
tem 

The neutral kaon system has an enviable track record as a probe of fundamen- 
tal physics, ranging from P violation (the r-9 puzzle) and CP violation to the 
motivation for charm coming from the absence of strangeness-changing tran- 
sitions. It is also known to provide very elegant tests of quantum mechanics, 
and provides the most stringent available test of CPT at the microscopic level. 
The formalism of decoherence and related CPT violation developed above can 
be applied to the neutral kaon system, and experimental upper limits given on 
such effects. 



In our approach, the quantum-mechanical evolution equation is modified to 
become 

d t p = -i(Hp- pH+)+$Hp (31) 

where H is the conventional quantum-mechanical Hamiltonian, and we can 
parametrize the modification term IjH ascl 



( 



V o 











2a 

2/3 



\ 

2/3 
2 7 / 



(32) 



where the indices a, /3 label Pauli matrices <J a ^ in the -Ki,2 basis, and we have 
assumed that $H has AS = 0. The three free parameters a,(3,j must obey 
the conditions 

a, 7 > 0, cn< > /3 2 (33) 
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stemming from the positivity oof the matrix p. 



It is easy to see that these parameters induce decoherence and violate CPTtl. 
Various observables sensitive to these parameters have been discussed in the 
literature, including the following asymmetries, which have already been used 
in experimental probes of this formalism: the 27r decay asymmetry 

= Tr(Q 2 ^(í)) - Tr(Q 2 ^(í)) 
2 "" Tr(0 2w p(t)) +Tv(0 2w p(t)) [ 1 

where 27T is an observable measuring the rate of 2ir decay, and p, p denote the 
density matrices of states that are tagged initially as pure K, K respectively, 
and the double semileptonic decay asymmetry 

_ R(K° -> 7T+) + R(K° -> TT") - R(K° -» 7T+) - R(K° -> tt) 
Am ~ R{K° ^ ir+) + R(K° ir-) + R{K° ^ tt+) + R(K° ^ it-) ( ' 

in which various systematic effects cancel. The asymmetry A 2 ^ is sensitive 
to the presence of ot,f3 and 7, whereas A& m is particularly sensitive to a. 
These and other measurements would enable the form of decohering CPT vio- 
lation that we propose here to be distiiiguished in principle from "conventional" 
quantum-mechanical CPT violat ionuS. 



Together with the CPLEAR collaboration itself, we have published a joint 
analysis of CPLEAR datat2l, constraining the CPT-violating parameters a, /?, 7. 
The data for A 2lT and A/\ m agree perfectly with a conventional quantum- 
mechanical fit, and provide the following upper limits when we impose the 
positivity constraints (p3|): 

a < 4.0 x 10^ 17 GeV, (3 < 2.3 x KT 19 GeV, 7 < 3.7 x 10" 21 GeV (36) 

We cannot help being impressed that these bounds are in the ballpark of 
•m 2 K /Mp, which is the maximum magnitude that we could expect any such 
effect to have. 



7 Outlook 

The experimental verification of environmentally-induced decoherence, observed 
in the mesosocopic atom + cavity systems of ref.113, has opened the way for an 
understanding of the transition fronl·|the-.auantum to classical worlds, as an- 
ticipated by theorists for a long timeauHQ. This experiment, although based 
on conventional QED environmentally-induced decoherence, is important for 
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its analogies with the decoherence that may result from quantum-gravity vac- 
uum fluctuations. Simple laws of scaling with the number of microscopic con- 
stituents suggest that couplings between the quantum-gravity vacuum and 
low-energy probes might allow an observable enhancement of the gravitional 
decohereing effects in macroscopic systems. If true, this could open the way 
for an understanding of the nature of quantum space time. 

We have discussed the density-matrix formalism of open systems, and ap- 
plicd it specifically to the neutral kaon system, which is believed to be the most 
sensitive probe of quantum mechanics to date. Our approach and formalism 
can in principle be distinguished, from others by measuring a number of dif- 
ferent K, K decay asymmetries Q. We can offer our experimental colleagues 
no guarantee of success in such an experimental programme. Nevertheless, we 
think that the importance .of the issues discussed here motivate a new series 
of microscopic experimentsEJ to test quantum mechanics and CPT. 
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